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ABSTRACT
COBB, M.; KEEN, T.R., and WALKER, N.D., 2008. Modeling the circulation of the Atchafalaya Bay system, part 2:

River plume dynamics during cold fronts. Journal of Coastal Research, 24(4), 1048-1062. West Palm Beach (Florida),
ISSN 0749-0208.

In Part 2 of our application of the Navy coastal ocean model (NCOM) to the Atchafalaya Bay system, we examine the
wind- and tide-forced three-dimensional baroclinic circulation of the Lower Atchafalaya and Wax Lake Outlet river
plumes. The salinity and the current velocity are examined during a time period when three cold fronts passed over
the region. The baroclinic circulation of NCOM was validated for the same time period in Part 1 of this study (CoBs,
KEeEN, and WALKER, 2008. Modeling the circulation of the Atchafalaya Bay region, 1: Model description and validation.
Journal of Coastal Research, this issue). We find that the westward transport of plume water and the offshore cold-
front—induced circulation are determined to a large extent by the alongshore and cross-shore bathymetric structure.
Wind-driven plume water moves parallel to the alongshore bathymetric contours unless forced to mix with higher
salinity water by strong cross-shore directed winds. The mixing of plume water with offshore water occurs over
bathymetric shoals during periods of strong post-frontal winds. This mixing process involves the offshore transport of
plume water over the entire water column in addition to the strong surface transport. The model results for offshore
circulation are in qualitative agreement with past observations. In addition, the hydrodynamic processes that control
the salinity fronts in Vermilion and West Cote Blanche Bays, areas where the model salinity was validated in Part
1, are examined as well.

ADDITIONAL INDEX WORDS: Coastal processes, Atchafalaya Bay system, river plume, salinity front, sediment trans-

port, remote sensing, NCOM, cold front.

INTRODUCTION

The 1500 km? Atchafalaya Bay system (Figure 1) is one of
the most dynamic regions of the Louisiana coast, with large
influxes of freshwater (15% to 29% of the total Mississippi
River; ALLISON et al., 2000; WALKER and HAMMACK, 2000)
from the Lower Atchafalaya River (LAR) and Wax Lake Out-
let (WLO). These rivers transport 40% to 50% of the total
Mississippi sediment load (MossA and ROBERTS, 1990) and
thus have a great impact on the bathymetry and coastline of
the region. A new phase of delta building began in the 1950s,
creating subaerial deltas at the mouths of the LAR and WLO
(ROBERTS, ApDAMS, and CUNNINGHAM, 1980; SCHLEMON,
1975). Many studies over the last 30 years have focused on
the sediment transport of these river plumes and their im-
pact on the Chenier Plain, which is west of the Atchafalaya
Bay system (DRAUT et al., 2005b; HUH et al., 1991; ROBERTS
et al., 1989; vAN HEERDEN and ROBERTS, 1980; WALKER and
HaMMACK, 2000; WELLS and KEmp, 1981). The coastline of
the Chenier Plain is actually prograding at a rate of 29 to 50

DOI: 10.2112/07-0879.1 received 24 April 2007; accepted in revision
16 November 2007.

m y~! due to the large volume of fine grain sediment trans-
ported to the west by the Atchafalaya mud stream (DRAUT et
al., 2005a; HuH, WALKER, and MOELLER, 2001).

Background

It has been discovered that atmospheric cold fronts play a
significant role in determining the overall sediment transport
within the region through their influence on the motion of
the LAR and WLO river plumes (hereafter referred to as the
river plume) as well as on the coastal wave environment (AL-
LISON et al.,, 2000; DRAUT et al, 2005a; HUH, WALKER, and
MOELLER, 2001; Kemp, WELLS, and VAN HEERDEN, 1980;
KINEKE et al., 2006; MOELLER et al., 1993; PEREZ et al., 2000;
WALKER and HAMMACK, 2000). Twenty to 30 cold fronts pass
through this region between October and April, with 4 to 7
days between each frontal passage (KAHN and ROBERTS,
1982). The strong, variable winds associated with a cold front
influence the circulation throughout the region and generate
surface waves that resuspend sediment in the vicinity of At-
chafalaya Bay (ALLISON et al., 2000; WALKER and HAMMACK,
2000). The post-frontal northerly winds cause set down of
coastal water levels (increasing the effectiveness of waves in
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Figure 1. Regional map showing Atchafalaya Bay system and locations
referred to in the text. GIWW = gulf intracoastal waterway.

sediment resuspension) and force the river plume to the
south—southeast, reversing the normally westward transport
of sediment along the coast (HuH, WALKER, and MOELLER,
2001; WALKER and HAMMACK, 2000; WELLS and KeEwmP,
1981). The river plume circulation and sediment transport
have been observed through remotely sensed imagery and
investigated through field studies (ALLISON et al.,, 2000; HUH,
WALKER, and MOELLER, 2001; KINEKE et al., 2006; MOELLER
et al, 1993; WALKER and HAMMACK, 2000; WALKER, 2001;
WALKER et al., 2002), but there remain several aspects of the
large-scale wind-driven circulation that need to be quantified
through both observation and modeling studies.

In order to have a more comprehensive understanding of
the circulation and sediment transport processes along the
Louisiana coast during cold fronts and hurricanes, it is es-
sential that numerical models be applied. The circulation and
sedimentation of the Atchafalaya Bay system has been stud-
ied for many years using both measurements and remote
sensing studies, but not with numerical models. Therefore,
an important first step toward predicting sediment transport
in this region is to accurately model its hydrodynamics. Our
previous study (CoBB, KEEN, and WALKER, 2008; hereafter
CKW1) focused on validating the baroclinic hydrodynamics of
the Navy coastal ocean model (NCOM) (BARRON et al., 2004;
KARA et al, 2006) within the Atchafalaya Bay complex but
did not investigate the circulation processes on the shelf and
within the bays.

Objectives

The primary objective of this study is to examine the wind-,
tide-, and river-forced circulation patterns of the Atchafalaya
Bay system during the passage of multiple cold fronts using
a numerical modeling approach. The Navy coastal ocean mod-
el has been validated for the December 23, 1997, and January
11, 1998, interval, during which three cold fronts passed over
the region (CKW1). This study complements our previous

work by focusing on the large-scale motion of the river plume
during a cold-front event as well as the westward transport

5 10 15 20

Figure 2. (A) Northern Gulf of Mexico (NGOM) grid bathymetry. The
contour spacing is approximately 300 m. The region enclosed by the white
square is the location of the nested Atchafalaya Bay grid, and the arrows
indicate the locations of the Atchafalaya and Mississippi River inflows.
(B) Bathymetry, inflow points, and data locations of the Atchafalaya Bay
system. Contour spacing is 1 m. The squares indicate sources of fresh-
water: LAR = lower Atchafalaya River; WLO = Wax Lake outlet; JB =
Jaws Bay; VR = Vermilion River (VR). Data (salinity, current velocity)
location points from Walker and Hammack (2000) are indicated by tri-
angles: S1 = site 1; S3 = site 3; CP = Cypremort Point; LL = Luke’s
Landing. The two vertical dashed red lines (T1 and T2) indicate the lo-
cations of the cross-shore transects. The horizontal dashed black line (T3)
indicates the location of the alongshore transect.

of plume water that occurs between cold fronts. In addition,
the vertical structure of the salinity and the currents will be
investigated in order to characterize the three-dimensional
dynamics of the circulation.

The response of the salinity in Vermilion and West Cote
Blanche Bays (see CKW1) to wind forcing will be examined
as well at the same locations (sites 1 and 3 from WALKER and
HaMMACK 2000, hereafter WHO00) that the model was vali-
dated at in CKW1 (see Figure 2B). In addition, time series of
the water level, current velocity, and salinity will be exam-
ined at these sites. The purpose of the time series analysis is
to determine what circulation processes control the salinity
changes at sites 1 and 3 and how they are influenced by the
passage of a cold front.

Journal of Coastal Research, Vol. 24, No. 4, 2008
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METHODS
The Navy Coastal Ocean Model (NCOM)

The Navy coastal ocean model is a three-dimensional,
primitive equation, hydrodynamic model that employs the
hydrostatic, incompressible, and Boussinesq approximations
to solve the conservation equations for the flow velocity, tem-
perature, and salinity. It also includes the standard conti-
nuity equation for mass (MOREY et al, 2003). It uses Sma-
gorinsky horizontal mixing coefficients and the Mellor-Ya-
mada level 2.5 parameterization for vertical mixing. The
model equations are solved on an Arakawa C grid. The hor-
izontal grid is curvilinear and uses a hybrid vertical coordi-
nate system, which consists of both fixed z levels in deep wa-
ter and variable o coordinates in shallow water. The free sur-
face and vertical mixing equations are solved implicitly; the
other terms are treated explicitly. The Navy coastal ocean
model can be nested to a coarse-grid model to supply bound-
ary conditions at the open boundary of the domain. The Navy
coastal ocean model has been validated at global (BARRON et
al., 2004; KARA et al., 2006) and basin scales (Ko, PRELLER,
and MARTIN, 2003). It also compares well with observations
from coastal regions (e.g, CKW1; KEEN et al, 2006; MOREY
et al., 2003).

The surface boundary condition  for all of the simulations
discussed herein consists of wind speed and direction at
6-hour intervals interpolated from the 1° Navy Global Oper-
ational Atmospheric Prediction System (NOGAPS) forecast
fields. Open boundary conditions for NCOM comprise water
levels and vertically integrated transports, which can consist
of separate subtidal and tidal flows, as well as profiles of
temperature, salinity, and currents. A radiation boundary
condition is used for momentum, heat, and mass along the
open boundary. River inflow is represented by a boundary
condition for transport, temperature, and salinity at specified
grid cells. Specific boundary conditions for the simulations
discussed in this paper are described below.

The Navy coastal ocean model is run on two domains for
this study (Figure 2): (1) A Northern Gulf of Mexico (NGOM)
grid with a model cell resolution of approximately 5 km and
(2) a smaller nested Atchafalaya Bay domain grid (ABG) with
a model cell resolution of ~800 m. In the first part of this
study (CKW1), the specific details of the nesting, initial con-
ditions, boundary conditions, bathymetry, tide, wind, and riv-
er forcing were discussed, and the reader is referred to this
paper for more information regarding the model setup. In this
section we give a very brief description of the ABG model
simulation.

The Atchafalaya Bay Simulations

The ABG grid has 188 and 125 computational nodes in the
x and y directions, respectively. All of the ABG simulations
in this study use four z levels and four terrain-following o
levels with a minimum depth of 1 m. The o levels are applied
when the depth is less than 15 m. The ABG open boundary
conditions during the study interval are interpolated from the
NGOM 3-hour output fields of water level, temperature, sa-
linity, and currents (see CKW1). The wind velocity fields used

Wind Vector at Cypremort Point
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Figure 3. Interpolated NOGAPS forecast at Cypremort Point (91.87°W,
29.71°N) between December 23, 1997, and January 12, 1998. (A) Wind
vectors. (B) Wind vector magnitudes.

for the ABG simulations are interpolated from the NOGAPS
output at 6-hour intervals. Time series for the wind vectors
and their magnitudes at Cypremort Point are shown in Fig-
ure 3.

The ABG simulation includes five sources of freshwater.
The primary sources for the river plume water are the LAR
and WLO (see Figure 2B for the locations of their outflow
points). In addition, the Jaws Bay and Cypremort Point gulf
intracoastal waterway (GIWW) outlets (see Figure 2B) are
also included since they play an important role in determin-
ing the salinity levels of the western bays. The Vermilion
River (see Figure 2B) is included as well because of its influ-
ence on a location at which salinity was measured by WHO00.
The temperature, salinity, and discharge rates were deter-
mined from several sources and adjusted accordingly to
match the data of WHOO0 as part of the model validation (see
CKW1). Since data on freshwater inflow to Four League Bay
were not available for this study, the results presented herein
contain a patch of high-salinity water that is an artifact of
the initial conditions used to spin up the model (see CKW1
for details).

RIVER PLUME DYNAMICS

This section presents the current and salinity patterns of
the river plume for the December 23 to 30, 1997, time period.
Two cold fronts passed over the region during this time, the
first one on December 25 and the second on December 29.

Westward Transport of the River Plume

Southeasterly to northeasterly winds are dominant along
the Louisiana coast during most of the year, except for the
summer months when relatively weak southwesterly winds
occur (WHO00). The easterly winds force the river plume to
the west and produce the Atchafalaya mud stream (ROBERTS

Journal of Coastal Research, Vol. 24, No. 4, 2008
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Figure 4. (A) Surface salinity contours on December 23 (0823 hours),
1997, just prior to the first cold front. Bathymetry (m) contours are plot-
ted in white from —2- to —14-m depth with a 2-m interval. (B) Surface
current velocity direction and magnitude. Every 6th current vector is
plotted.

et al, 1987; WELLS and KEmp, 1981). This section presents
results for the three-dimensional salinity and current velocity
structure during the westward transport of the river plume.

Surface Circulation and Salinity

The wind velocity prior to the cold front on December 23
was northeasterly at 4-6 m s~!, and the resultant river plume
from the model (Figure 4A) shows the typical prefrontal west-
ward circulation of the region. An isobath-parallel salinity
front near the coast separates offshore water from 4-psu
plume water (Figure 4B); note that the surface currents are
shown in Figure 4B. The freshwater plume remains within

the 6-m isobath and does not initially mix with the offshore
water. The salinity ranges from 8 to 33 psu within an inter-
mediate mixing zone between 4- and 14-m depths in the vi-
cinity of Atchafalaya Bay. The plume salinity increases to 15
psu by entraining shelf water as it is transported to the west.
The simulated plume narrows and remains within the 10-m
isobath as it moves westward.

The river plume currents, which are initially directed to
the southwest at the entrance to Atchafalaya Bay, turn west-
ward near the 4-m isobath. Currents of 0.6 m s~! are pre-
dicted in a band between the 3- and 6-m water depths along
the salinity front. The surface flow decreases between —92°
and —92.2° (Figure 4B), where the distance between the 2-
and 6-m depth contours increases (Figure 4A). The flow re-
intensifies to the west as this nearshore zone narrows, thus
clearly demonstrating that the plume is constrained by bar-
oclinic forces in conjunction with the alongshore and cross-
shore bathymetry. Tidal currents do not disrupt the west-
ward-directed plume currents because the tidal forcing is rel-
atively weak.

The westward transport of the river plume predicted by
NCOM has the same general characteristics predicted by oth-
er modeling studies (CHAPMAN and LENTZ, 1994; KOURA-
FALOU et al., 1996; NARAYANAN and GARVINE, 2002; OEY and
MELLOR, 1993; XING and DAviEs, 1999). The primary fea-
tures to note are (1) the sharp salinity front, (2) the strong
currents along the salinity front, and (3) the plume’s response
to the bathymetry. In particular, the simulated river plume
has the general features of a surface-to-bottom type plume.
Furthermore, the Coriolis force reinforces the westward de-
flection of the plume as it emerges from Atchafalaya Bay.

The salinity patterns (Figures 4A) are similar to remotely
sensed images of surface sediment transported to the west
from the Atchafalaya Bay region (HuH, WALKER, and
MOELLER, 2001; MOELLER et al., 1993; WH00; WALKER et
al., 2002). In particular, the narrowing of the river plume as
it approaches the western boundary of the domain is consis-
tent with the estimated sediment transport patterns from ad-
vanced very high resolution radiometry (AVHRR); see WH00
and CKW1 for a discussion of the relationship between salin-
ity and suspended sediment concentration (SSC). Suspended
sediment concentration values of 10-100 mg L' have been
measured in depths of 5 to 10 m within the Atchafalaya mud
stream in the Chenier Plain region (KINEKE et al., 2006), near
the western edge of the model domain. The observed cross-
shore extent of the sediment plume is similar to that of the
freshwater plume in the NCOM simulations.

Field measurements of the offshore salinity during a time
period of southeasterly winds (KINEKE et al., 2006) are in
qualitative agreement with the model results of Figure 4A.
These field measurements show that the plume front near
Atchafalaya Bay is at the 5-m isobath and that the plume
narrows to the west along the 10-m isobath. In addition, the
observations also show that SSC rapidly decreases in the
cross-shore direction as salinity increases. Because the river
plume transports large quantities of sediment to the west,
the low-salinity water of the plume is correlated with higher
SSC.

Journal of Coastal Research, Vol. 24, No. 4, 2008
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Cross Sections of Currents and Salinity

Cross sections of salinity, easting velocity, and northing ve-
locity (Figure 5) along cross-shore transects T1 and T2 (see
Figure 2B for locations) demonstrate the vertical structure of
the river plume during typical prefrontal conditions (Decem-
ber 23, 1997). A maximum depth of 6 m is used in the cross
sections in order to focus on the river plume salinity front,
which is constrained to shallower depths. The plume front
extends throughout the water column west of the Atchafalaya
Bay entrance (Figure 5A), but with some low-salinity water
displaced further offshore at the surface and some shelf water
intruding near the bottom. This structure is weaker at tran-
sect T2 (Figure 5B), which is located 35 km to the west. The
shelf water intrudes at a height of approximately 1 m above
the bottom at both transects. The plume front is located in a
water depth of 5 m at T1 and 4 m at T2, suggesting that this
is the equilibrium depth for the onshore buoyancy flux and
vertical mixing. The front cannot move any farther offshore
(CHAPMAN and LENTZ, 1994; NARAYANAN and GARVINE,
2002), and the plume moves parallel to the isobaths because
of this trapping effect.

The salinity along transect T1 is in qualitative agreement
with sections measured by ALLISON et al. (2000) in the vicin-
ity of Marsh Island, which clearly show the stratification of
the river plume front and its close proximity to the coast. In
particular, their observations reveal that the plume does not
extend offshore beyond 10 m and is mainly seen in depths of
less than 6 m. The plume salinity predicted by the model at
T1 and T2 (Figures 5A and 5B) is consistent with these ob-
servations and those of KINEKE et al. (2006) near the Chenier
Plain region.

The surface coastal jet predicted by NCOM (Figure 4B) is
restricted to the upper 1 m of the water column at transect
T1 (Figure 5C), and the flow maintains this structure at tran-
sect T2 (Figure 5D). A comparison of the salinity and velocity
transects shows that the jet is located along the plume front
and that its shape corresponds to the plume front structure.
The alongshore jet velocities are between 0.3 and 0.6 m s!
and decrease to 0.25 m s~! away from the salinity front.
WALKER et al. (2002) reported sustained westward currents
between ~0.3 and 0.5 m s~! in response to southeasterly
wind forcing of 7 m s~! south of Marsh Island in 5 m of water;
the average middepth velocity was determined to be 0.26 m
s~1. This surface jet at the plume front is exactly what one
would expect from idealized plume dynamics, although the
current structures for the Louisiana shelf are more complex
than the idealized cases used in previous studies (CHAPMAN
and LENTZ, 1994; NARAYANAN and GARVINE, 2002; XING and
DAviEs, 1999).

Vertical changes in the velocity field are correlated with
the salinity and, therefore, the structure of the front. For ex-
ample, westward surface currents of 0.6 m s~! at transect T1
weaken to less than 0.3 m s~! below 1 m, where 25-psu shelf
water is found, and increase to 0.5 m s~! at depths of 24 m,
where water with a salinity around 10 psu is moving offshore.
The alongshore velocity vanishes or becomes slightly east-
ward within 1 m of the bottom, where higher salinity water
is intruding (CHAPMAN and LENTZ, 1994). A similar pattern

is also seen over the entire water column at transect T2. The
structure of the alongshore velocity at T1 and T2 is also cor-
related with the cross-shore velocity. The simulated cross-
shelf flow on the shoreward side of the front at transect T1
(Figure 5E) is directed seaward, and the flow on the seaward
side of the front is landward. The pattern of cross-shelf flow
at transect T2 (Figure 5F) is similar to that at T1, but the
onshore flow at the surface exceeds 0.15 m s~! and the off-
shore flow at T2 is more uniform on the shoreward side of
the front. This vertical structure is consistent with observa-
tions of prefrontal alongshore and cross-shore currents (Ki-
NEKE et al., 2006) as well as idealized plume studies (CHAP-
MAN and LENTZ, 1994).

Plume Dynamics during a Cold Front

The cold fronts on December 26 and 29, 1997, and January
8, 1998, are accompanied by clockwise rotation of the wind
from southerly to northerly and strengthening of the post-
frontal winds (Figure 3), followed by a weakening of the
northerly wind. These rapid changes in wind speed and di-
rection have important consequences for the evolution of the
river plume and front.

Surface Flow and Salinity Patterns

The southwesterly prefrontal NOGAPS winds rotate to
westerly on December 25, 1997 (Figure 3A), thereby pushing
the predicted river plume to the southeast corner of the do-
main (Figure 6A) and allowing some shelf water to replace
low-salinity water in the western part of the domain. The
plume begins moving offshore and mixes with higher salinity
water in the southeast. The strongest surface currents (Fig-
ure 7A) are associated with the salinity front and move par-
allel to isobaths between depths of 2 to 6 m. This is essen-
tially the reverse flow from the prefrontal regime (compare
with Figure 4B).

Strong northeasterly post-frontal winds begin on December
26 (Figure 3A) and force the plume water offshore by Decem-
ber 27 (Figure 6B). The wind has rotated to northwesterly by
December 27 (2308 hours) and continues to push the river
plume offshore. The river plume mixes with offshore water
as it is transported eastward (Figure 6C), resulting in salin-
ities of 10-20 psu over a large part of the shelf. The strongest
surface currents (0.5-0.8 m s~!) at this time (Figures 7B and
7C) are generated over the shoals at 91.8°W, 92.2°W, and in
the southeast corner of the domain. These locations coincide
with the strongest salinity fronts (Figures 6B and 6C). It ap-
pears that, despite the offshore wind, bathymetry is con-
straining the movement of the plume due to the large density
differences between it and the offshore water. The baroclinic
gradients appear to block the less dense plume water from
moving into deeper water at certain locations, thus creating
weaker currents (0.1-0.3 m s~!) between the very intense and
localized offshore directed flows (Figures 7B and 7C).

The cold front of December 29 reinforces the overall effect
of the first front in the NCOM simulation. High-salinity shelf
water is pushed closer to the coast, and the river plume is
transported farther to the east or back into Atchafalaya Bay.
By December 30, the northwesterly post-frontal winds of the

Journal of Coastal Research, Vol. 24, No. 4, 2008
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Figure 5. T1 and T2 cross-shore transects of salinity (A and B), alongshore velocity (C and D), and cross-shore velocity (E and F) on December 23 (0823

hours), 1997. See Figure 2B for the locations of T1 and T2. The displayed cross-shore width and offshore depth is the same for both transects (which

span different latitudes). The offshore depths are not shown in order to focus on the narrow salinity front created by the river plume. The model results

are interpolated to 1-m depth increments. Positive x and y velocities are to the east and the north, respectively.
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Figure 6. Surface salinity and bathymetry contours. (A) December 25 (0217 hours) during the passage of the front (westerly winds) (B) December 27
(0810 hours) during the post-frontal northeasterly winds. (C) December 27 (2308 hours) during the post-frontal northwesterly winds. (D) December 30
(0800 hours) during the second time period of post-frontal northwesterly winds (second cold front). Note that the bathymetry contours from —2 to —14

m are in white with 2-m intervals.

second front continue to push the river plume toward the
southeast corner of the domain (Figure 6D). The surface flow
at this time is primarily to the southeast with the strongest
currents directly associated with the river plume (Figure 7D).

The surface salinity distribution of the plume during the
first cold front is consistent with SSC estimated from AVHRR
data (WHO00). For example, the remotely sensed sediment
plume on December 29 extended offshore beyond the 10-m
isobath and quite far to the southeast as well. The correlation
between the high values of SSC and the southeast location
of the plume predicted by NCOM (see CKW1 for a discussion
and a revised version of the image from WHO00) in Figure 6D
indicates that the currents and salinities from the simulation
are reasonably similar to the actual circulation.

Offshore salinity measurements are not available for the
time period of this study, but observations during other fronts
reveal post-frontal salinity contours that are qualitatively
similar to those shown in Figures 6C and 6D (KINEKE et al.,
2006). These observations suggest that 32-psu shelf water ap-
proaches Southwest Pass from the west and that lower salin-
ity water (10-25 psu) moves offshore along the shoals just as
the model predicts. These post-frontal field observations of
salinity supplement the model results that the bathymetry
strongly influences the shelf circulation during cold fronts.

Current measurements are not available for the shelf dur-
ing the study interval, but offshore currents were measured
at several locations in water depths up to 50 m during an
earlier cold front as discussed in WHO00. Post-frontal south-
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Figure 7. Surface current velocity: magnitude and direction. (A) December 25 (0217 hours) during the passage of the front (westerly winds). (B) December
27 (0810 hours) during the post-frontal northeasterly winds. (C) December 27 (2308 hours) during the post-frontal northwesterly winds. (D) December
30 (0800 hours) during the second time period of post-frontal northwesterly winds (second cold front). Every sixth current vector is plotted. Note: Same

calendar dates as Figure 6 are plotted.

eastward currents of 0.3 to 0.6 m s~! were observed close to
the 10-m isobath south of Marsh Island at a depth of 3 m.
These currents were similar in direction and magnitude to
the offshore surface currents predicted by the model (Figures
7C and 7D) as well as the post-frontal currents of the third
cold front (not shown). WALKER et al. (2002) reported maxi-
mum southeastward currents south of Marsh Island of 0.5—
0.7 m s~! for several hours and a daily averaged middepth
current of 0.3 m s~! during a cold-front passage event in
March 2001. Observed post-frontal sediment transport pat-
terns (HuH, WALKER, and MOELLER, 2001; MOELLER et al.,
1993; WHO00; WALKER et al., 2002) are also consistent with
the model results. These comparisons provide us with a
benchmark for the post-frontal currents on the shelf and in-

dicate that the model is predicting realistic post-frontal off-
shore currents.

Across-Shore Structure

During the cold front of December 25, the predicted surface
plume is displaced offshore as a thin layer of low-salinity wa-
ter (Figure 8). Along transect T1 (Figures 8A and 8C), high-
salinity water is predicted between this surface layer and a
low-salinity tongue at a depth of 3 m. The deeper low-salinity
water separates from the plume as it moves offshore and
forms subsurface prisms of low-salinity water along the
plume front. Shelf water is also moving shoreward near the
bottom as the lower salinity water moves seaward. The in-

Journal of Coastal Research, Vol. 24, No. 4, 2008



1056 Cobb, Keen, and Walker

E

Salinity, Date: 25-Dec-1997 02:17, Longitude: -91.842

Depth (m)

Salinity, Date: 27-Dec-1997 08:10, Longitude: 91842  psu Salinity, Date: 27-Dec-1997 08:10, Longitude: -92.186  psu

Depth (m)
Depth (m)

Salinity, Date: 30-Dec-1997 08:00, Longitude: -91.842  psu Salinity, Date: 30-Dec-1997 08:00, Longitude: 92.186  psu

Tl

Depth (m)
Depth (m)

24

Figure 8. Predicted salinity at transects T1 (left column) and T2 (right column) for the cold front of December 25, Panels A and B are predicted for
December 25, panels C and D are predicted on December 27, and panels E and F are predicted for December 30. The times used for these transects are
the same as those used for the surface salinity in Figure 6. The salinity range is the same for all of the figures except (F). These transects are plotted
over the same depth range from 0 to —12 m. See Figure 2B for the transect locations.
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trusion of high-salinity water near the northwestern corner
of the model domain (Figure 6B) is also seen in transect T2
(Figures 8B and 8D), which also shows a tongue of freshwater
moving seaward along the bathymetric shoal. Higher salinity
water (higher than the salinity at the surface) is actually
moving around this tongue of freshwater below the surface
water. Shelf water approaches the coast by December 30 (Fig-
ure 6D) and produces a well-mixed water column at both
transect T1 (Figure 8E) and transect T2 (Figure 8F) in water
depths less than 6 m. The residual plume water remains at
the surface while the plume itself has been pushed against
the coast to depths of about 1 m. In depths greater than 6 m,
the water column retains some of the stratification that was
generated during the passage of each front.

These model results cannot be compared directly with data,
but the salinity transects at T1 and T2 are in qualitative
agreement with hydrographic measurements by ALLISON et
al. (2000). Their observations show the displacement of the
plume water offshore by strong cold-front winds and the in-
crease in stratification on the shelf (Figure 8C). Their obser-
vations also show a well-mixed salty water column after a
cold front as predicted by the model (Figures 8E and 8F). This
supports the post-frontal circulation pattern predicted by the
model (Figure 6D) in which high-salinity shelf water moves
close to the shore. These model results are also supported by
the surface salinity measurements discussed above (KINEKE
et al., 2006).

Alongshore Structure

The post-frontal winds generate a predicted westward sur-
face jet with speeds from 0.2 to 0.4 m s, which transports
the plume offshore to the southwest (Figure 6B). The cur-
rents weaken below 1 m but remain to the southwest (Figure
9). The predicted near-bottom flow is eastward and shore-
ward, however, with magnitudes of less than 0.05 m s~*. This
upwelling-favorable circulation pattern during the post-fron-
tal period has been observed by KINEKE et al. (2006), who
reported offshore currents of 0.3 m s~! in the upper part of
the water column and onshore currents of 0.1 m s~* at 1 m
above the bottom.

The plume is extensive at the surface (Figure 10A), but it
remains confined to shallower water as it moves seaward; the
results presented in Figure 10 are along transect T3 (see Fig-
ure 2B). Low-salinity water is predicted over the shore-
oblique shoals on the inner shelf (Figure 2B), where weak
subsurface jets flow seaward (Figure 10B) at 3 m below the
surface. These tubes of freshwater are part of the same phe-
nomenon discussed above (Figures 8C and 8D). The regions
of freshwater at 3-m depth seen in Figure 10A can become
detached from the plume as higher salinity water entrains
them. Another important point to make about the alongshore
structure on the inner shelf pertains to the influence of
bathymetric gradients. The offshore jets develop over the
bathymetric shoals at 92.2°W and 91.6°W, whereas much
weaker offshore flow is predicted between them. The bathy-
metric gradients generate baroclinic forces as discussed
above, which prevent the freshwater from moving offshore at
these locations; thus the currents are small and the salinity
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Figure 9. Current velocities at cross-shore transect T1 during post-fron-
tal northeasterly winds (December 27): (A) Alongshore component; (B)
Cross-shore component. Negative x and y velocities are to the west and
south respectively. See Figure 7B for the surface currents over the entire
domain at this time. See Figure 2B for transect location.

is much higher. Furthermore, the alongshore velocities (Fig-
ure 10C) are generally larger at the surface between the off-
shore jets (eg., at 91.8°W). This pattern corresponds to the
strong currents moving parallel to the bathymetry at these
locations (Figure 7C).

SALINITY FRONTS IN THE WESTERN BAYS

The predicted salinity from the model has been compared
with observations in West Cote Blanche Bay and Vermilion
Bay in a previous paper (CKW1), and the model results were
overall quite good but with some systematic errors. The sa-
linity at both of these locations is determined by the bathym-
etry, wind forcing, astronomical tides, and river input, which
together make it problematical to elucidate the individual ef-
fects of these factors. This section will, therefore, discuss the
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Figure 10. Salinity and currents along transect T3 during post-frontal
northwesterly winds (December 27): (A) salinity, (B) cross-shore velocity,
and (C) alongshore velocity. See Figure 2B for the transect location. The
alongshore and cross-shore velocities are negative if they are directed to
the west and the south, respectively. The transect is oriented looking
onshore.

hydrographic processes that determine the salinity variations
observed and predicted at these locations.

West Cote Blanche Bay

The low salinity in West Cote Blanche Bay during south-
erly winds (Figure 11A) results from movement of the At-
chafalaya plume to the northwest. Prior to the first cold front,
the simulated river plume (Figure 11A) intrudes into West
Cote Blanche Bay and lowers the salinity at site 1 to less
than 6 psu (arrow 1 in Figure 12). The water level at site 1
increases during these prefrontal winds (arrow 1 in Figure
12). Conversely, the post-frontal northerly wind pushes the

river plume in a southeastward direction and water from the
western bays is transported eastward (Figure 11B), resulting
in lowered water levels throughout the bay system (CKW1).
After both of these cold fronts have passed (Figure 11B), the
higher salinity water of West Cote Blanche Bay (approxi-
mately 8 psu) has been displaced to the entrance of East Cote
Blanche Bay and the salinity at site 1 has increased to 7.8
psu. In addition, the low-salinity water of Vermilion Bay is
intruding into West Cote Blanche Bay from the northwest.
The water level reaches a minimum and the salinity reaches
its maximum at site 1 during the post-frontal winds (arrow
2 in Figure 12); the salinity and water level at site 1 are
therefore anticorrelated during all three cold-front events.

The predicted salinity at site 1 reaches a minimum of 4 psu
on January 3, which is about 36 hours after the maximum
water level. The predicted water level subsequently decreases
rapidly as the salinity increases. The rapid changes in the
salinity and water level during this interval correspond to the
strengthening of the plume’s westward transport. It takes
several days to reestablish the plume’s westward extent un-
der the steady southeasterly wind forcing because it was dis-
placed far to the southeast by the first two cold fronts (Figure
6D). When the westward transport is finally reestablished,
the water levels of the western bays decrease sharply on Jan-
uary 5. This process advects the salinity front toward East
Cote Blanche Bay and thereby increases the salinity at site 1.

In order to achieve reasonably good agreement between the
model results and the data of WHOO at site 1 it was necessary
to control the salinity of West Cote Blanche Bay through the
Jaws Bay GIWW outlet. Although this might appear to be a
rather unrealistic approach, it was necessary due to the rel-
atively short spin-up time of the model from July 1997 to
November 1997. The exact processes that lead to the high
salinity values in the data (~8 psu) are still uncertain, but
it is clear from the hydrodynamics that the higher salinity
water at site 1 must originate from the western bays during
a cold-front event.

It should also be pointed out that the net exchange of water
between West Cote Blanche Bay and other areas of the bay
system, as well as the shelf, appears to be rather weak based
on the model results of Figure 11. The water in this bay (and
hence the salinity front) is displaced westward and eastward
by the wind and the tides, but the overall transport of water
does not appear great. This would suggest that higher salin-
ity water intrudes from Vermilion Bay (as seen in the next
section) or on the eastern side of Marsh Island when the river
plume is displaced to the east. In addition, since the exchange
is weak and the sources of freshwater within the western
bays are relatively small in their volumetric transport, the
water in West Cote Blanche Bay could become more saline
over time through evaporation (a process not accounted for
in this simulation).

Vermilion Bay

Site 3 experiences large salinity fluctuations during cold
fronts because it is located near the entrance to Southwest
Pass in Vermilion Bay. The measured salinity at site 3
ranged from 1.6 to 16.8 psu during the study interval
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(WHO00). This variability is caused by the inflow of high-sa-
linity water through Southwest Pass (WH00), but the details
of this process have not been fully captured by previous mea-
surements. The flood tide currents on January 1 (Figure 13A)
are opposed by a northeasterly wind of 5 m s~!, which rotates
to southeasterly as the tide changes to ebb. High-salinity
shelf water enters Southwest Pass on December 30 (Figure
6D) and produces a sharp salinity front at its entrance (Fig-
ure 13A). Low-salinity water is subsequently advected to site
3 during the ebb tide (Figure 13B).

The maximum incoming or outgoing currents at site 3 (Fig-
ure 14) precede an increase (arrow 1) or decrease (arrow 2)
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Figure 12. Salinity (solid line) and water level (dashed line) with the
mean removed at site 1 in West Cote Blanche Bay between December 23,
1997, and January 11, 1998. The time indicated by arrow 1 corresponds
to Figure 11A, and arrow 2 indicates the time in Figure 11B.

in salinity. Note that the current velocity at site 3 is projected
along a 30°/210° axis and the current is positive if it is flowing
into Vermilion Bay. Large salinity fluctuations occur after
each cold front when high-salinity water enters Southwest
Pass and the currents are primarily tidal in nature. This
shows quite clearly that high-salinity water is being trans-
ported into the vicinity of site 3 during the flood tide and that
stronger incoming currents produce larger salinity values at
site 3. The minimum salinity values during these post-frontal
periods do not vary nearly as much since they are being de-
termined by the water within Vermilion Bay. The predicted
incoming currents at site 3 increase during the cold fronts
(Figure 14) and increase the transport of shelf water into Ver-
milion Bay. Outflowing currents dominate at site 3 during
the first week of January and the salinity is lower. Tidal in-
coming currents, which are coincidentally larger during the
cold fronts, are enhanced by the offshore circulation at the
end of each cold-front cycle. However, the outgoing tidal cur-
rents dominate between the cold fronts because the south-
easterly winds raise the water levels of the western bays.
The duration and strength of a cold front determine the
magnitude of the salinity fluctuations at site 3. The weak cold
front of January 7 generates smaller fluctuations in the pre-
dicted salinity relative to the first two cold fronts (Figure 15).
The January 7 cold front does not push high-salinity shelf
water into Southwest Pass as during the previous front (De-
cember 29) and, therefore, the peak salinity at SW1 is sig-
nificantly smaller. The tide-dominated currents at site 3 (Fig-
ure 14) have approximately the same magnitude during the
second and third cold fronts, and consequently it is the off-
shore circulation that determines the salinity at site 3.

SUMMARY AND CONCLUSION

As discussed in CKW1, a strong correlation was found to
exist between the remotely sensed SSC (HuH, WALKER, and
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Figure 13. Predicted salinity contours during January for Southwest Pass. (A) Incoming flood tide currents from NCOM. (B) Outgoing ebb tide currents
from NCOM. The red and green triangles indicate the locations of site 3 (see Figure 2B for its location) and SW1, respectively. Salinity ranges from 5.5

to 31 psu.

MOELLER, 2001; MOELLER et al., 1993; WHO00) and the sur-
face salinity patterns predicted by NCOM since the fine grain
sediment acts as a tracer for the lower salinity water of the
plume. This behavior is also consistent with field measure-
ments by KINEKE et al. (2006) of salinity and SSC in this
region following a cold-front event and during the westward
transport of plume water. Being able to predict how the fresh-
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Figure 14. Salinity (solid line) and current velocity (dashed line) time
series at site 3. The current velocity of the model is projected along 30%/
210° and the current is positive if it is flowing into Vermilion Bay. The
flood and ebb current velocities are indicated with arrows. Arrows 1 and
2 indicate the salinity values during the flood and ebb tides shown in
Figure 13, respectively.

water plume and overall offshore salinity patterns are affect-
ed by cold-front winds is therefore essential to understanding
the sediment deposition, resuspension, and transport pro-
cesses of the region. In addition, the ability to accurately
model the westward flow of the river plume is a crucial first
step toward predicting the large quantities of sediment that
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Figure 15. Salinity time series at site 3 and SW1. See Figure 13 for
location of SW1.
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are transported to the Chenier Plain of western Louisiana
(WELLS and KEmp, 1981).

The westward transport of the model’s river plume has the
general characteristics of a surface-to-bottom type plume
with horizontal stratification and strong alongshore currents
at the plume front. Because the plume becomes “trapped” at
a particular cross-shore depth it moves westward parallel to
the alongshore bathymetric contours (CHAPMAN and LENTZ,
1994). This also leads to a convergence zone at the plume
front where the cross-shore currents go to zero and then
change direction. These particular features of the Atchafa-
laya river plume have not been addressed in the literature to
our knowledge and need to be investigated further through
modeling and field studies.

The analysis of the horizontal and vertical circulation dur-
ing a cold-front event reveals a number of complex circulation
processes occurring along the shelf that had not been dis-
cussed previously. In particular, the offshore transport and
mixing of the plume water over bathymetric shoals have not
been realized until this study. The evolution of the vertical
salinity during a cold front revealed that prisms of freshwater
are generated at the plume front as well. These prisms of
freshwater can become detached from the main plume and
transported farther offshore. The vertical structure of the
currents reveals a highly sheared offshore surface layer and
onshore directed bottom currents. Based on recent observa-
tions, these bottom currents appear to be a significant source
of onshore sediment transport (KINEKE et al, 2006). More
field measurements are required to adequately validate the
predicted vertical structure of the circulation on the shelf
during cold-front events.

Because the shelf bathymetry plays an important role in
determining the plume motion, it will also affect the sediment
transport. It is clear from the results of this study that the
observed sediment transport to the west and southeast (HuH,
WALKER, and MOELLER, 2001; WH00; WALKER et al., 2002),
which occurs under easterly and westerly winds, respectively,
are two examples of the river plume moving parallel to the
alongshore bathymetry. The narrowing of the river plume as
it moves west also accounts for the high SSC observed along
the coast of the Chenier Plain (KINEKE et al., 2006). In ad-
dition, our results indicate that the bathymetric shoals can
act as conduits for sediment transport because low-salinity
water moves offshore over them. Remotely sensed images and
field observations of SSC are consistent with this hypothesis
as well (KINEKE et al, 2006; WHO00); however, because the
plume motion occurs rapidly and over a large area during
cold fronts, it is difficult to recognize this behavior using only
field observations or remotely sensed images.

This study has focused on the large-scale circulation of the
Atchafalaya and Wax Lake Outlet river plumes during the
passage of multiple cold fronts. The goal of this work was to
investigate the three-dimensional baroclinic circulation of the
river plume during its two distinct circulation modes in the
winter months: (1) westward transport and (2) cold-front—in-
duced motion. A more fundamental understanding of the hor-
izontal and vertical salinity and current structure is essential
for determining the sediment transport to the Chenier Plain
as well as the cold-front-induced transport of river plume and

resuspended sediment. Because the large quantities of sedi-
ment transported by the river plume impact the entire region
it is imperative that coastal managers have a better under-
standing of the river plume dynamics.

The hydrodynamic circulation of this region had not been
simulated with a fully baroclinic model prior to this study,
and there are many aspects of the shelf circulation that had
not been fully appreciated. The most important aspects of the
shelf circulation revealed by our study are the influence of
bathymetry on the plume’s motion and the complexity of the
horizontal circulation throughout the water column. It is ap-
parent from these results that sediment transport within the
region is complex because it depends on the vertical structure
of both the currents and salinity.

This work also encourages a greater integration of numer-
ical modeling and field studies. Field data are required to
validate models, and models can be used to understand large-
scale processes in ways that are not possible through regional
field studies alone. As seen from our analysis of the salinity
at sites 1 and 3, it is necessary to have multiple data sites
and multiple types of data to determine the dominant circu-
lation processes at a particular location. In order to apply
numerical models such as NCOM for the purpose of coastal
management, more complete spatial and temporal data sets
will be required in the future.
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